Burkholderia cenocepacia is a member of the Burkholderia cepacia complex, a group of metabolically versatile bacteria that have emerged as opportunistic pathogens in cystic fibrosis and immunocompromised patients. Previously a screen of transposon mutants in a rat pulmonary infection model identified an attenuated mutant with an insertion in paaE, a gene related to the phenylacetic acid (PA) catabolic pathway. In this study, we characterized gene clusters involved in the PA degradation pathway of B. cenocepacia K56-2 in relation to its pathogenicity in the Caenorhabditis elegans model of infection. We demonstrated that targeted-insertion mutagenesis of paaA and paaE, which encode part of the putative PA-coenzyme A (CoA) ring hydroxylation system, paaZ, coding for a putative ring opening enzyme, and paaF, encoding part of the putative beta-oxidation system, severely reduces growth on PA as a sole carbon source. paaA and paaE insertional mutants were attenuated for virulence, and expression of paaE in trans restored pathogenicity of the paaE mutant to wild-type levels. Interruption of paaZ and paaF slightly increased virulence. Using gene interference by ingested doublestranded RNA, we showed that the attenuated phenotype of the paaA and paaE mutants is dependent on a functional p38 mitogen-activated protein kinase pathway in C. elegans. Taken together, our results demonstrate that B. cenocepacia possesses a functional PA degradation pathway and that the putative PA-CoA ring hydroxylation system is required for full pathogenicity in C. elegans.
The Burkholderia cepacia complex (Bcc) is a group of closely related bacteria that was originally described by W. H. Burkholder as the plant pathogen Pseudomonas cepacia (34) . During the past decade, polyphasic-taxonomic studies have demonstrated that Bcc represents a group of at least nine taxonomically related species sharing moderate levels of DNA-DNA hybridization (34) . Bcc strains occupy multiple niches from soil to water supplies and can establish beneficial or detrimental associations with plants and fungi. Unfortunately, the Bcc have emerged as opportunistic pathogens in patients with cystic fibrosis, chronic granulomatous disease, and other medical conditions associated with a compromised immune system (34, 53) . Representatives of all Bcc species have been isolated from both environmental and human clinical sources. Two species in North America, Burkholderia cenocepacia and Burkholderia multivorans, account for the majority of cystic fibrosis infections (34, 53) . While the molecular basis of Bcc pathogenesis in the human host is far from being understood, recent evidence shows that in contrast to the case with other bacterial pathogens, pathogenicity of Bcc appears to be polygenic and mainly involves genes related to survival under stress conditions (18, 36, 46) . These capacities, in addition to the catabolic versatility of Bcc, may explain the multiple niches where Bcc bacteria thrive. Bcc strains can survive in polluted environments, where they metabolize constituents of crude oils, herbicides, and various man-made recalcitrant aromatic compounds (34) . The understanding of nonintermediary aromatic biodegradation processes has benefited from the relevance these processes have for biotechnological applications (12) . However, much less is known about microbial catabolism of natural aromatic compounds and the role, if any, of these metabolic pathways in host-pathogen interactions.
The phenylacetic acid (PA) catabolic pathway is the central route where catabolism of many aromatic compounds, such as styrene, trans-styrylacetic acid, phenylalanine, 2-phenylethylamine, phenylacetaldehyde, and several n-phenylalkanoic acids, converge and are directed to the Krebs cycle (33) . Many microbial genomes contain gene clusters encoding putative PA catabolic genes, yet experimental evidence for a functional pathway is available for only a few bacteria: Escherichia coli (12, 15, 26) , Azoarcus evansii (38) , Pseudomonas putida (27, 30, 42) , and Rhodococcus sp. (40) . In these microorganisms, the PA catabolic gene cluster is organized as a single operon encoding enzymes involved in four steps. The PA-activating enzyme, phenylacetyl-coenzyme A (PA-CoA) ligase, PaaK (15) , and the PA-CoA ring hydroxylation system, comprised of PaaA, PaaB, PaaC, PaaD, and PaaE (15, 26) , are involved in the first and second steps, respectively. The third step, the opening of the aromatic ring, may be performed by PaaZ (15) or by PaaZ, PaaG, and PaaJ (26) , followed by further degradation of the resulting aliphatic compound through a ␤-oxidation-like pathway complex by PaaF, PaaH (26) , and PaaJ (41) .
In this article, we describe the creation and characterization of B. cenocepacia K56-2 insertional mutants that are defective in the PA catabolic pathway and show that the putative PACoA ring hydroxylation system is required for full pathogenicity of B. cenocepacia in the Caenorhabditis elegans model of infection. Using gene interference by ingested double-stranded RNA, we have demonstrated that the observed attenuated pathogenicity is dependent on a functional C. elegans p38 mitogen-activated protein (MAP) kinase pathway.
MATERIALS AND METHODS
Bacterial strains, nematode strains, and growth conditions. Bacterial strains and plasmids are listed in Table 1 . B. cenocepacia K56-2 was grown at 37°C in Luria-Bertani (LB) or M9 medium supplemented, as required, with 100 g/ml trimethoprim (Tp), 50 g/ml gentamicin (Gm), and 200 g/ml chloramphenicol (Cm). Escherichia coli strains were grown at 37°C in LB medium supplemented with 50 g/ml Tp, 40 g/ml kanamycin, or 20 g/ml Cm. The nematode Caenorhabditis elegans, strain DH26, and E. coli OP50 were obtained from the Caenorhabditis Genetics Center (CGC), University of Minnesota, Minneapolis. C. elegans strains were maintained on nematode growth medium according to standard practices at the CGC. E. coli HTT115 carrying the L4440 expression vector for each targeted gene was provided by Geneservice Ltd.
Bioinformatics analysis. BLASTP searches of the genome of B. cenocepacia strain J2315 were performed using the B. cenocepacia BLAST Server at the Sanger Institute (http://www.sanger.ac.uk/cgi-bin/blast/submitblast/b_cenocepacia) using the protein sequences of PA catabolic genes from E. coli as the query sequence. J2315 belongs to the same clonal lineage as strain K56-2 (10). Bidirectional best hits having an E value of Ͻ1eϪ10 in both directions were considered homologous gene pairs (50) . Gene clusters were visualized using the Artemis (45) and VectorNTI (Invitrogen) software programs.
Molecular biology techniques. DNA ligase (New England Biolabs) was used as recommended by the manufacturers. E. coli DH5␣ cells were transformed using the calcium chloride protocol (8) , and electroporation was used for transformation of E. coli SY327 cells (37) . Conjugation into B. cenocepacia K56-2, STC155-paaE, or STC199-paaF was accomplished by triparental mating (9) , with E. coli DH5␣ carrying the helper plasmid pRK2013 (16) . DNA was amplified using a PTC-221 DNA engine (MJ Research) or an Eppendorf Mastercycler ep gradient S thermal cycler with either Taq DNA polymerase or the Phusion high-fidelity PCR kit (New England Biolabs). Amplification conditions were optimized for each primer pair. PCR products and plasmids were purified using the QIAquick purification kit (Qiagen) and the QIAprep Miniprep kit (Qiagen), respectively.
Construction of PA catabolic gene insertional mutants of B. cenocepacia K56-2. Several PA catabolic genes were disrupted using single-crossover mutagenesis with pGP⍀Tp, a derivative of pGP704 that carries the dhfr gene flanked by terminator sequences (18) . Briefly, internal 300-bp fragments of the target genes were amplified by PCR using appropriate primers ( Table 2 ). The paaE PCR-amplified product and the paaA, paaK1, paaZ, and paaF PCR-amplified products were digested with XbaI or XbaI and EcoRI, respectively, cloned into the XbaI-or XbaI-EcoRI-digested vector, and maintained in E. coli SY327. The resulting plasmids (Table 1) were conjugated into B. cenocepacia strain K56-2 by triparental mating. Conjugants that had the plasmid integrated into the K56-2 genome were selected on LB agar plates supplemented with Tp (100 g/ml) and Gm (50 g/ml). Integration of the suicide plasmids was confirmed by colony PCR, using primer SC025, which anneals to the R6K origin of replication of pGP⍀Tp, and primers upstream of the expected site of insertion (Table 2 ). All mutant strains were confirmed by sequencing of PCR-amplified DNA fragments containing the insertion site.
Construction of the constitutive expression vector pAP20 and complementation of the B. cenocepacia paaE and paaF mutants. pAP20 was constructed using pTp-backbone, a pMLBAD (32) derivative in which the arabinose system was deleted (J. Lamothe and M. A. Valvano, unpublished), as follows. To construct pAP1, pTp-backbone was amplified by inverse PCR using primers 1548 and 1549 ( Table 2 ). The DNA fragment was digested with ClaI and ligated to a ClaIrestricted DNA fragment obtained from PCR amplification of a Cm resistance cassette from pKD3 (11) using primers 1474 and 1475. To construct pAP2, pAP1 was then amplified by inverse PCR using primers 1550 and 1551, digested with NdeI and XhoI, and ligated to a DNA fragment containing the dhfr promoter amplified from pSCrhaB2 (5) with primers 1552 and 1553 and digested with the same restriction enzymes. Finally, a duplicated region was removed from pAP2 by inverse PCR amplification using primers 2167 and 2168, digestion with NsiI, and religation. The resulting plasmid, pAP20, was used to clone paaE and paaF under the control of the constitutive dhfr promoter. DNA fragments carrying the complete coding sequence of the paaE or paaF gene were PCR amplified with primers SC005 and SC006 or SC036 and SC037 ( Table 2 ). The PCR products were digested with NdeI and XbaI, ligated into NdeI/XbaI-digested pAP20, and transformed into E. coli DH5␣. The resulting plasmids, pAS1 and pRL1, were introduced into B. cenocepacia STC155-paaE and STC199-paaF, respectively, by triparental mating. pAP20 was also introduced in the mutant strains as a negative control for complementation experiments.
Bacterial growth. Ninety-six-well microplates containing 150 l of M9 plus different carbon sources were inoculated with 3 l from overnight culture grown in LB, washed with M9, and adjusted to an optical density at 600 nm (OD 600 ) of 2.0 with M9 salts. Microplates were incubated for 48 h at 37°C with shaking at 200 rpm. The OD 600 was measured using a Biotek Synergy 2 plate reader at various time intervals, and values were converted to a 1-cm-path-length OD 600 by prior calibration with an Ultraspec 3000 spectrophotometer.
Nematode killing assays. Slow-killing assays were performed as previously described (6, 31) . Briefly, 35-mm nematode growth (NG) agar plates were inoculated with 50 l of overnight cultures grown in LB broth, adjusted to an OD 600 of 1.7, and incubated overnight at 37°C to allow formation of a bacterial lawn. Twenty to forty hypochlorite-synchronized L4 larvae of C. elegans DH26 were added to each plate and incubated at 25°C. Plates were scored for live worms at the time of inoculation and every 24 h subsequently for a total of 5 days using a Fisher Scientific Stereomaster dissecting microscope. Worms were considered dead when unresponsive to touch with a sterile wire pick. Assays were performed in triplicate and analyzed using survival curves generated by the Kaplan-Meier statistical method. The log rank test was used to compare survival differences for Quantification of nematode intestinal colonization and pumping rates. Bacterial colonization of the C. elegans intestine was quantified as per the method of Moy et al. (39) . Briefly, nematodes were allowed to feed on 35-mm NG agar plates seeded with B. cenocepacia strain K56-2 or STC155-paaE for up to 48 h. At 8, 24 , and 48 h postinfection, approximately 10 to 15 nematodes were manually transferred to a 1.5-ml Eppendorf tube of M9 buffer containing 1 mM NaN 3 , washed three times, and brought to a final volume of 250 l. One millimolar NaN 3 was used to prevent expulsion of B. cenocepacia from the C. elegans intestine. A 50-l aliquot was removed from each Eppendorf tube, serially diluted, and plated to determine viable external CFU/worm. To the remaining 200 l, 400 mg of 1.0-mm silicon carbide particles were added. Tubes were then vortexed intermittently at 2,000 rpm for a total of 90 s to disrupt worms. The resulting suspension was serially diluted and plated on LB plus 50 g/ml gentamicin to determine viable internal CFU/worm. An unpaired t test was used to measure the statistical significance of colonization differences. P values of Ͻ0.05
were considered statistically significant. Pumping rates were quantified by eye using a Fisher Scientific Stereomaster dissecting microscope as described elsewhere (2, 54) . Briefly, pharyngeal pumps were counted during five successive 1-min periods, and the average of the five counts was taken as the worm's pumping rate.
RNAi knockdown experiments. RNA interference (RNAi)-immunocompromised worms were obtained by growing the nematodes as previously described (19, 52) . Briefly, NG agar plates containing 1 mM isopropyl-␤-D-thioagalactopyranoside and 100 g/ml ampicillin were inoculated with overnight bacterial cultures of E. coli HTT115 carrying the L4440 expression vector for each targeted gene. C. elegans DH26 hypochlorite-obtained eggs were added and allowed to hatch at 25°C. After 48 h, 20 to 40 L4 larvae were transferred to NG plates containing bacterial lawns of the strains to be tested and slow-killing assays were performed.
Gibbs assay. The total phenolic content of supernatants was determined according to the method in reference 51. Briefly, to a 1-ml sample, 0.1 ml buffer (60 g Na 2 CO 3 and 40 g NaHCO 3 per liter adjusted to pH 8.5 with HCl) and 0. absolute ethanol, made fresh on the day of analysis and stored at 4°C, were mixed in a 1.5-ml microcentrifuge tube by inversion four to six times and then incubated in a water bath at 40°C for 30 min. A standard curve using phenol (0 to 100 M; Acros Organics) was prepared similarly. The absorbance of the undiluted or 1/10-dilution sample was measured at 620 nm using an Ultraspec 3000 spectrophotometer. Nucleotide sequence accession number. The nucleotide sequence of plasmid pAP20 was deposited in GenBank under accession no. EU606014.
RESULTS
Identification of PA catabolic gene clusters in B. cenocepacia J2315. Preliminary evidence of a link between the B. cenocepacia K56-2 PA catabolic pathway and pathogenesis came out of the isolation of the signature-tagged transposon mutant 4A7 (25) . This mutant could not be recovered from intratracheal lung infections in rats and was nonpathogenic in the C. elegans host model of infection (6) . The transposon insertion site in the 4A7 mutant was identified as having interrupted BCAL0212, a putative paaE gene, prompting us to investigate the occurrence of this metabolic pathway in B. cenocepacia.
We searched the sequenced genome of B. cenocepacia J2315 for genes encoding homologues of the PA catabolic pathway of E. coli and found PA genes organized in three separate clusters (Fig.  1A) : two gene clusters were located in chromosome one (BCAL0212 to BCAL0216 and BCAL0404 to BCAL0409), while the third (BCAM1711 and BCAM1712) was located in chromosome two. Our functional assignment based on bidirectional BLAST searches matched the draft annotation of the B. cenocepacia J2315 genome. The genes were assigned as follows: BCAL0404 and BCAL1711 are homologues of the paaK gene, which encodes a PA-CoA ligase in E. coli (15) ; BCAL0212 to BCAL0216 encode a putative five-component oxygenase that hydroxylates PA-CoA in E. coli (14) ; BCAL0406 and BCAL0408 correspond to the paaG and paaZ genes, which are proposed to encode enoyl-CoA isomerization/hydration, ring opening, and dehydrogenation activities (26) ; and BCAL0409 and BCAM1712 code for homologues of paaF and paaH, respectively, whose gene products are responsible for ␤-oxidation, the last step of the PA catabolic pathway, (26) . The only discrepancy with Sanger annotation is that of BCAL0407, which was annotated as a pcaF homolog of the gene coding for a ␤-ketoadipyl-CoA thiolase involved in the degradation of 4-hydroxybenzoate (23) . PaaJ from E. coli (CAA66099), however, which is also a ␤-ketoadipyl-CoA thiolase, matched the BCAM2568 (E value of Ͻ10 against the E. coli K-12 genomic sequence. In summary, all the genes required for a functional PA catabolic pathway are present in B. cenocepacia strain J2315 (Fig. 1B) . Functional characterization of strains carrying insertional mutations in several genes of the PA catabolic pathway. Since B. cenocepacia J2315 is difficult to genetically manipulate, we conducted our research on strain K56-2, which has been shown to be clonally related to J2315 (35) but is more amenable to genetic manipulation. Until recently (17) , single-crossover mutagenesis was the only available tool to genetically manipulate B. cenocepacia. Although selection of double-recombination events is possible with many bacteria using sacB-mediated counterselection (21), attempts to select for double-crossover mutants in B. cenocepacia K56-2 using this system have been unsuccessful, probably due to the presence of a sacB gene, as revealed by genome sequencing. We therefore used site-directed insertional inactivation of genes by integration of the suicide plasmid pGP⍀Tp (18) . Cloning of internal fragments of paaA, paaE, and paaK1 in pGP⍀Tp and introduction of these plasmids into B. cenocepacia by conjugation rendered the mutant strains STC179-paaA, STC155-paaE, and STC181-paaK1, respectively (Table 1) . We expected that insertion of the suicide plasmid into the paaA gene would prevent transcription of the putative paaABCDE operon, since pGP⍀Tp introduces transcriptional terminators downstream of the insertion site (18) . Given its location at the end of the cluster, we expected that disruption of paaE would affect only the expression of paaE itself. The mutants STC183-paaZ and STC199-paaF, which have insertions in paaZ (probably also affecting downstream genes) and paaF, respectively, were created in the same manner (Table 1) . Glucose, PA, and L-phenylalanine were used as sole carbon sources in growth experiments performed in 96-well plates (Table 3) . Microplate growth kinetics were comparable to those with standard cultivation methods (data not shown), as reported elsewhere (24) . B. cenocepacia K56-2 was able to grow using glucose, PA, or phenylalanine as a sole carbon source. Cultures reached stationary phase at approximately 24 h (data not shown). PA and phenylalanine supported relative growths of 60% and 85% in comparison with glucose, respectively. The mutant strains grew equally on M9 medium with glucose, although not to wild-type levels. All gene disruptions severely reduced growth in PA or phenylalanine ( Table 3 ). The only exception was STC181-paaK1, which has an insertion in one of two putative paaK genes. This mutant grew in PA or phenylalanine to levels similar to those of the wild type.
To further demonstrate that PA degradation was impaired in the PA growth-defective mutants, we measured the total phenolic content of supernatants as an indirect measure of PA degradation. It has been proposed that the product of the PaaABCDE enzymatic complex of E. coli is 1,2-dihydroxy-1,2-dihydro-PA-CoA and subsequent dehydration releases the product 2-hydroxy-PA to the culture supernatants (14, 26) . Using the Gibbs assay (22, 51), we were able to detect phenolic metabolites in culture supernatants of the wild-type and mutant strains grown on LB or LB containing 1 mM PA (Table 4) . B. cenocepacia K56-2 released approximately 10 M of phenolic compounds when grown in LB medium. The paaF and paaZ culture supernatants showed an increase in phenolic content, in contrast with the supernatants of the paaA and paaE mutants, which showed decreased levels. The paaA and paaE mutant supernatants contained the lowest levels of phenolic compounds under both conditions, in accordance with the interruption of the ring hydroxylation system. On the contrary, the significant increase of phenolic content in the supernatants of the paaZ and paaF cultures was consistent with accumulation of a dihydrodiol derivative due to a downstream blockage of the degradation of this compound.
Disruption of paaA or paaE but not paaZ or paaF diminishes virulence of B. cenocepacia K56-2 in the C. elegans model of infection. It has been shown that B. cenocepacia causes a persistent intestinal infection in C. elegans (31) . The 4A7 transposon mutant had shown a nonpathogenic phenotype in C. elegans (6) , and for this reason, strains with insertional mutations in the PA catabolic pathway were studied using this nematode model. C. elegans has emerged as a convenient host model for the study of host-pathogen interactions (1, 13, 49), since it has been shown that there exists some overlap between virulence factors employed by bacterial pathogens upon infection of vertebrate and invertebrate hosts. The abilities of paaA and paaE mutants to kill C. elegans were compared to that of the wild-type strain K56-2. L4 larvae raised on Escherichia coli OP50 were transferred onto plates containing lawns of wildtype or mutant strains, and the number of live worms was scored over time. The nematode strain DH26 has a tempera- ture-sensitive mutation in the spermatogenesis fer-15 gene rendering worms sterile at 25°C, thus permitting the scoring of original worms for longer periods of time without the interference of progeny worms. As shown in Fig. 2A , STC179-paaA and STC155-paaE exhibited decreased pathogenicity relative to the wild-type K56-2 strain. The attenuated pathogenicity phenotype was visually evident after 2 days of infection. When fed on wild-type K56-2 bacteria, nematodes did not develop further and became immobile during the second day of infection. However, it should be noted that sick worms are scored as live since they respond to mechanical stimulus. In contrast, worms fed on the paaA or paaE mutants developed as adults and were more motile (Fig. 2B ). Pharyngeal pumping rates were similar in worms fed with wild-type or mutant strains. Next, we hypothesized that intestinal bacterial loads of the PA catabolism-defective mutants would be reduced in comparison with that of the wild-type strain, in accordance with the attenuated phenotype. To determine whether intestinal titers of K56-2 differed from those of STC155-paaE, worms fed on these strains were removed from plates, washed, and disrupted by vortexing with silicon carbide particles to recover intestinal bacteria at 12-h intervals postinfection. As a control, bacterial cell cultures were vortexed in both the presence and absence of silicon carbide particles and plated to assess effects on bacterial viability. This procedure did not affect bacterial survival (data not shown). Bacteria accumulated in the intestinal lumen of C. elegans, reaching approximately 10 5 CFU per worm at 48 h. C. elegans fed on STC155-paaE had approximately the same numbers of CFU in their intestines as worms fed on K56-2 at 8, 24, and 48 h after infection (Fig. 2C) . Thus, the attenuated infection phenotype of STC155-paaE is due not to a reduced number of bacteria but most likely to either less-virulent bacteria or worms that are capable of mounting a more efficient defense response to STC155-paaE or both. To test if lower steps of the PA catabolic pathway were required for full pathogenicity, we conducted killing assays using strains STC183-paaZ and worms fed with mutant strains STC179-paaA and STC155-paaE. The killing ability of the wild-type B. cenocepacia strain K56-2 (n ϭ 66) was compared with that of STC179-paaA (n ϭ 113; P Ͻ 0.0001) or STC155-paaE (n ϭ 67; P Ͻ 0.0001) in slow-killing assays using C. elegans strain DH26. solid lines, K56-2; dashed lines, STC155-paaE and STC179-paaA. (B) Appearance of worms after 2 days of bacterial exposure. Worms exposed to the nonpathogenic E. coli OP50 or B. cenocepacia strains were randomly chosen and photographed (magnification, ϫ80). (C) Wild-type B. cenocepacia K56-2 and the mutant STC155-paaE accumulate to similar levels in the C. elegans intestine. Data represent the mean numbers of CFU per worm from five independent experiments, with error bars signifying standard errors of measurement. gray bars, K56-2; lined bars, STC155-paaE. P values for 8, 24, and 48 h were 0.8766, 0.1666, and 0.5745, respectively. STC199-paaF. These mutants were defective for growth with PA as a sole carbon source (Table 3 ) due to interruption of the putative ring opening system and ␤-oxidation steps, respectively. However, these mutants did not present an attenuated phenotype in C. elegans (Fig. 3B) . On the contrary, they were slightly but significantly more pathogenic than the wild type. Taken together, these results suggest that the reduced killing ability of STC155-paaE and STC179-paaA is related not to a reduced growth rate in the presence of PA but to the interruption of the putative PA-CoA hydroxylation system, which results in bacteria that are able to colonize and persist in the intestinal tract to the same levels as wild-type bacteria but are less virulent in C. elegans.
Complementation analysis of paaE and paaF mutants. The observed attenuated phenotype of the paaE mutant in C. elegans could be due to polar effects of pGP⍀Tp transcriptional terminators on downstream genes of the paaABCDE gene cluster. To test this hypothesis, a complementation analysis was performed. The paaE gene of B. cenocepacia K56-2 was cloned into pAP20, a constitutive expression vector, to obtain pAS1. These plasmids were introduced into STC155-paaE by conjugation and the transformants investigated with respect to their in vitro and in vivo phenotypes. When the paaE gene was provided in trans in strain STC155-paaE/pAS1, growth with PA or phenylalanine was restored to 73% and 85% of that of the wild type, respectively (Table 3) . Similarly, the presence of paaE in trans restored and even increased the total phenolic content detected in supernatants ( Table 4) . As shown in Fig. 4 , STC155-paaE/pAP20 was attenuated for virulence in C. elegans, while pathogenicity of STC155-paaE/pAS1 was equal to that of the B. cenocepacia wild-type strain K56-2. Thus, the observed phenotype of the paaE mutant is due to the interruption of paaE and not to polar effects on downstream genes or secondary spontaneous mutations. When the paaF gene was expressed in trans in STC199-paaF/pRL1, the ability to grow with PA or phenylalanine as a sole carbon source was restored to 57% and 74%, respectively (Table 3) . However, neither the enhanced pathogenicity nor the total phenolic content observed in this mutant strain could be restored to wild-type levels (Table 4 ; also data not shown).
Interaction of C. elegans innate immune system and B. cenocepacia PA catabolism. The reasons for the requirement of a functional paaABCDE gene cluster for full pathogenicity of B. cenocepacia K56-2 are totally unknown. In an effort to elucidate the mechanism of attenuation of the paaA and paaE mutants, we examined the response of immunocompromised C. elegans to B. cenocepacia. We decided to target the pmk-1 and elt-2 genes using specific interference by ingested doublestranded RNA (19, 52) . It has been shown that inhibition of pmk-1, the coding gene for the p38 MAP kinase homolog, produces worms with an enhanced-susceptibility-to-pathogens phenotype that is independent of fitness, feeding, or defecation (29) . On the other hand, ELT-2 is a specific GATA transcriptional factor identified as a major regulator of epithelial innate immune responses of C. elegans to Pseudomonas aeruginosa (48) and other pathogens (28) . Consistent with previous results showing enhanced bacterially mediated killing of worms in which the p38 MAP kinase pathway or the GATA transcription factor is inhibited (28, 29, 48) , pmk-1 (RNAi) and elt-2 (RNAi) worms were hypersusceptible to B. cenocepacia K56-2 in comparison with DH26 nematodes (Fig. 5 ; also data not shown). We then reasoned that the diminished virulence of the paaA and paaE mutants could be explained if C. elegans exhibits an enhanced immune response to these strains. If this were the case, interruption of specific innate immune effectors should result in loss of the attenuated pathogenicity phenotype. When we exposed the pmk-1 (RNAi) worms to the paaA mutant, STC179-paaA, the worms were highly susceptible to killing (Fig. 5) , contrasting with the DH26 worms, which were more resistant to STC179-paaA than to K56-2. The survival median of the pmk-1 (RNAi) worms was reduced to 1 day in the presence of either of the two strains. On the contrary, STC179-paaA was less pathogenic than K56-2 to elt-2 (RNAi) worms (data not shown), which had a survival median of 3 days compared to 2, respectively. The killing ability of the paaE mutant was next compared with that of the complemented strain STC155-paaE/pAS1 using C. elegans DH26 and pmk-1 (RNAi) worms (Fig. 6 ). As shown earlier (Fig. 4) , the paaE mutant showed a diminished ability to kill C. elegans DH26 in comparison with STC155-paaE/pAS1. However, the pmk-1 (RNAi) worms were similarly hypersusceptible to both STC155-paaE and STC155-paaE/pAS1 (Fig. 6) . Taken together, these data show that due to inhibition of the p38 MAP kinase pathway, immunocompromised C. elegans worms are equally hypersusceptible to B. cenocepacia K56-2 and the paaA and paaE mutants, which is in contrast to DH26 worms.
DISCUSSION
We provide evidence for a functional PA catabolic pathway in B. cenocepacia K56-2. First, interruption of the paaA, paaE, paaF, and paaZ genes severely reduces growth with PA and phenylalanine. This is not surprising given that many aromatic compounds, such as phenylalanine, are degraded through the PA catabolic pathway (40) . Second, the paaF and paaZ mutants release high levels of phenolic compounds, as has been shown for equivalent E. coli mutant supernatants (26) . The only strain with a mutation in a PA catabolic gene that did not show a PA-reduced growth phenotype is STC181-paaK1. However, a second potentially functional paaK gene (paaK2) (Fig.  1A ) most likely explains this phenotype. To test this hypothesis, a double-knockout strain is currently under development using genetic tools that have recently become available for Burkholderia species (7, 17) .
The PA catabolic pathway and its relationship to pathogenicity in B. cenocepacia first captured our interest during a screening of signature-tagged mutagenesis mutants defective for survival in vivo (25) . The 4A7 mutant, which failed to survive in a rat model of infection, had a transposon insertion in the paaE gene and was not pathogenic to C. elegans (6) . In this study we demonstrate that interruption of putative PA-CoA ring hydroxylation activity but not the lower steps of PA degradation results in an attenuated pathogenicity phenotype in C. elegans. The paaA and paaE insertional mutants, however, do not present an attenuation phenotype as severe as that of the 4A7 mutant. Recently it was shown that B. cenocepacia K56-2 can spontaneously undergo colony morphology transition from a rough phenotype to different shiny colony variants, many of which are associated with decreased virulence (4) . Visual examination of the 4A7 mutant evidenced shiny colony morphology (data not shown). Therefore, the nonpathogenic phenotype of the 4A7 mutant in C. elegans is most likely a combination of both the defective PA catabolic pathway and a secondary site mutation related to the cell surface modification. Nevertheless, the paaA and paaE insertional mutants present a rough phenotype (data not shown) and are attenuated for pathogenesis in C. elegans. While many bacterial genes have been associated with nematode-killing ability, the reduced virulence of bacteria carrying mutations in these genes is very often associated with reduced colonization or survival in the intestinal tract (3, 20) . Surprisingly, the attenuated pathogenicity phenotype of the paaE mutant is not due to decreased accumulation of bacteria (Fig. 2C) . It should be noted, however, that accumulation of bacteria in the nematode gut does not necessarily cause killing: many clinical isolates of Enterococcus faecium accumulate in C. elegans but do not result in significant killing (20) . This seems to be the case for STC155-paaE. Although the intestinal accumulation of the paaE mutant equals that of the wild type, the killing ability of this strain is reduced.
We first hypothesized that PA catabolism mutants presented reduced growth in C. elegans. A number of observations led us to rule out this hypothesis. First, the paaE mutant strain accumulates in the C. elegans intestine to levels equal to those of the wild type. Second, interruption of lower steps of the PA catabolic pathway does not cause attenuation of pathogenicity. On the contrary, the paaF and paaZ mutants were slightly but significantly more pathogenic than the wild-type strain. It should be noted that complementation in trans with the paaF gene did not restore the pathogenic phenotype to the same level as that of the wild type (data not shown). A possible explanation is that the levels of phenolic compounds released by the complemented mutants were reduced but still higher than the ones of K56-2 (Table 4 ). It is possible, then, that the mutants accumulate or release PA-CoA intermediates or hydrolyzed PA products like those found in supernatants of PAdegrading cells (38) , and C. elegans may respond to these chemicals.
The effect of PA and its derivatives on eukaryotic cells appears to be pleiotropic and is poorly understood at the molecular level. PA has been described as an inhibitor of inducible nitric oxide synthase (iNOS) and lipopolysaccharide-induced expression of cytokines in rat primary astrocytes, microglia, and macrophages (43) . Additionally, PA has been described as a repressor of DNA binding and transcriptional activities of NF-B, an important upstream modulator for cytokine and iNOS expression in macrophages (44) , and a ligand of PPAR␥ (peroxisome proliferator-activated receptor ␥), a member of the nuclear hormone receptor superfamily (47) . The C. elegans genome does not appear to contain homologs of iNOS-, NF-B-, or PPAR␥-coding genes, though many C. elegans nuclear hormone receptor genes share a high degree of similarity with the PPAR␥ ligand binding domain (data not shown). Whether or not nuclear receptor genes are involved in cell signaling by the effect of PA derivatives in C. elegans remains to be determined. Hence, the reasons behind the requirement for a functional ring hydroxylation system for full pathogenicity of B. cenocepacia in C. elegans remain elusive.
Finally, further investigation is needed to determine if PA or its phenolic derivatives may act as interkingdom signal molecules mediating pathogenesis and host response in mammalian host-pathogen interactions. This is a tantalizing hypothesis given the widespread occurrence of natural precursors and metabolites of PA across domains of life and the effect of exogenous PA on mammalian immune responses.
